We present first-principles calculations on systems consisting of a few layers of graphene and lithium. In particular, we investigate the evolution of the electronphonon coupling strength with increasing number of layers. We find that, for intercalated systems such as C 6 -Li-C 6 or C 6 -Li-C 6 -Li-C 6 , the electron-phonon coupling is weak. However, for systems of equal number of graphene and lithium layers, such as C 6 -Li or C 6 -Li-C 6 -Li, the electron-phonon coupling is strong. We investigate the optimal configuration that yields the highest superconducting transition temperature.
I. INTRODUCTION
Ever since its discovery, graphene [1] has shown a great potential for applications in nano-technology [2] [3] [4] [5] , especially in electronic transport [6] . Studies of superconductivity in graphite intercalation compounds (GICs) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , recent experimental evidence of a su- * Electronic address: guzmand@purdue.edu † Electronic address: halya001@ucr.edu ‡ Electronic address: rjishi@calstatela.edu; Corresponding author arXiv:1310.3813v1 [cond-mat.supr-con] 14 Oct 2013 2 perconducting state in graphite-sulfur composites [17, 18] , and the growing interest in superconducting nano-devices [19] [20] [21] have motivated theoretical investigation of possible superconductivity in the two-dimensional graphene systems [22] [23] [24] [25] [26] [27] [28] . Single-and few-layer graphene may exhibit a superconducting state upon adatom deposition or intercalation.
As in the case of alkali-metal and alkaline-earth GICs, superconductivity in modifiedgraphene systems can be explained by the electron-phonon coupling enhancement that arises from the presence of an intercalant-derived band as well as graphitic π-bands at the Fermi level [12, 29, 30] .
Theoretical studies within the density functional theory (DFT) framework were conducted on single-and few-layer graphene systems with intercalated and deposited dopants.
The electron-phonon coupling parameter λ was found to be 0.60 and 0.80, respectively, in calcium intercalated graphene bilayers and trilayers. The superconducting transition temperature T c was estimated to be 4.1 K for Ca-intercalated bilayer and 10.1 K for Caintercalated trilayer [31] . Recently, the possibility of a superconducting state in lithium covered graphene monolayers was discussed by Profeta et al. [32] . They argued that removal of quantum confinement, in going from LiC 6 GIC to Li-covered monolayer graphene, could bring the Li-derived states down in energy to the Fermi level. This enhances the electron-phonon coupling strength, making Li-covered single-layer graphene a superconductor at T c = 8.1 K.
The recent fabrication of lithium intercalated graphene bilayer [33] raises the question of whether this two-dimensional material would also exhibit a superconducting state. In addition, the possibility of a further enhancement of the electron-phonon coupling strength in few-layer graphene systems intercalated with lithium, remains an open issue.
In this work, we study the effect of increasing number of Li-doped graphene layers on the electron-phonon coupling strength via first-principles density functional theory. Details of our methods are presented in Section III. The electronic structure of lithium covered graphene and lithium intercalated graphene layers is calculated. It is found that only Li-covered graphene systems exhibit a coexistence of Li-derived s-bands and graphitic π-bands at the Fermi level. In the case of Li-intercalated graphene systems, the interlayer band (derived from Li states) is unoccupied. From the vibrational modes and electronphonon coupling calculations we find that a significant coupling of electrons to out-of-plane vibrations is necessary to achieve a significant enhancement of the total electron-phonon 3 coupling strength.
In Section II we describe the crystal structure of the Li-doped graphene systems investigated in this work, and in Section III details of the methods of calculation are presented.
The results of the electronic structure and vibrational modes calculations are presented and discussed in Section IV and V, respectively. Conclusions are given in Section VI.
II. CRYSTAL STRUCTURE
Systems consisting of equal numbers of graphene and lithium layers (Li-covered graphene) and lithium intercalated graphene layers were systematically analyzed from first-principles. Calculations of the electronic structure and vibrational modes were carried out on systems of up to four lithium and four graphene layers for Li-covered graphene and up to two lithium and three graphene layers for Li-intercalated graphene layers. In all the cases considered, the unit cell is a (
• supercell of the graphene sheet unit cell. In agreement with the stage-1 Li-GIC, the carbon layer stacking is taken to be AAAA. The separation between adjacent carbon and Li layers is set at 1.855Å, similar to the corresponding value in Li GICs. The in-plane lattice constants are a = b = 4.33Å.
Since the DFT calculations are carried out on a 3-dimensional crystal, the c-lattice constant is taken to be sufficiently large so as to render the system, in effect, two-dimensional.
For systems of the form C 6 -Li-C 6 -Li and C 6 -Li-C 6 -Li-C 6 , two stacking configuration for the Li layers were considered. In one configuration, Li atoms in both layers sit above the hollow sites of the graphene layer which are labeled α (see Fig. 1 ). The stackings for C 6 -Li-C 6 -Li and C 6 -Li-C 6 -Li-C 6 are AαAα and AαAαA, respectively. In this configuration, C 6 -Li-C 6 -Li and C 6 -Li-C 6 -Li-C 6 will be simply denoted as C 6 Li αα and C 6 Li αα C 6 , respectively.
In the other configuration, whereas the Li atoms between the first and second graphene layers occupy positions labeled α, the Li atoms above the second carbon layer occupy positions labeled β. In this case, the two Li layers are not directly above each other; the second layer is shifted, relative to the first, by a lattice vector of the graphene sheet. In this configuration, the stacking sequence is AαAβ for the Li-covered system, and AαAβA for the intercalated system. In this configuration, the Li-covered system will be denoted as C 6 Li αβ , while the intercalated system will be written as C 6 Li αβ C 6 .
For structures with three Li layers, two stacking configurations were considered. The first, in which the three Li layers are directly above each other, is AαAαAα. The corresponding system, C 6 -Li-C 6 -Li-C 6 -Li, will be denoted as C 6 Li ααα . In the second configuration, the Li atoms between the first and second graphene layers occupy the hollow sites labeled α, those between the second and third graphene layers sit in hollow sites labeled β, and those above the third graphene layer occupy sites labeled γ. The third layer of Li adatoms is shifted, relative to the second Li layer, by a lattice vector of the graphene sheet. The stacking is of the form AαAβAγ, and the Li-covered system is denoted by C 6 Li αβγ .
FIG. 1: (Color online)
The graphene sites labeled α, β, and γ. In the Li-covered system denoted by C 6 Li αβγ , Li atoms sit over the α-sites of the first graphene sheet, over the β-sites of the second graphene sheet, and over the γ-sites of the third graphene sheet.
III. METHODS
The reported total energy and electronic structure were obtained from density functional theory (DFT) calculations using the all-electron, full-potential, linear augmented plane wave (FP-LAPW) method as implemented in the WIEN2K code [34] . The exchangecorrelation potential was calculated using the generalized gradient approximation (GGA)
as proposed by Perdew, Burke, and Ernzerhof [35] . The radii of the muffin-tin spheres for the carbon and lithium atoms were taken as 1.36a 0 and 2.21a 0 , respectively, where a 0 is the Bohr radius. The product R M T K max was set to 7, where R M T is the smallest muffin-tin radius and K max is a cutoff wave vector. The valence electrons wave functions inside the muffin-tin spheres were expanded in terms of spherical harmonics up to l max = 10, and in 5 terms of plane waves with a cutoff wave vector K max in the interstitial region. The charge density was Fourier expanded up to a maximum wave vector G max = 13a
0 . Convergence of the self-consistent field calculations was attained with a total energy convergence tolerance of 0.1 mRy and a total charge convergence tolerance of 0.0001 e.
The frequencies of the vibrational modes and the electron-phonon coupling parameter were calculated using the QUANTUM-ESPRESSO [36] package with norm-conserving pseudopotentials. The valence electrons wave functions and the charge density were expanded in plane waves using 40 Ry and 300 Ry energy cutoffs, respectively. The phonon frequencies were calculated within the linear-response framework on an 8 × 8 × 1 phononmomentum mesh with a 16×16×1 uniform electron-momentum mesh. For the calculation of the electronic density of states and the electron-phonon coupling strength, a uniform 40 × 40 × 1 k-point mesh in the Brillouin zone was used.
The Eliashberg spectral function α 2 F (ω) is given by
where N (0) is the total density of states at the Fermi level, and N k and N q are the total number of k-and q-points, respectively. In the above equation, ε nk is the energy, measured from the Fermi level, of an electron with wave vector k in energy band n, ω ν q is the frequency of a phonon with wave vector q and branch index ν, and g ν nk,mk+q is the matrix element of the electron-phonon interaction.
The coupling strength of electrons to all phonon modes with frequencies below ω is defined as
The total electron-phonon coupling is calculated as λ(ω → ∞). The values of the superconducting transition temperature were computed using the Allen-Dynes [37] modification of the McMillan formula [38] ,
where ω log is the phonon logarithmic average frequency. The screened Coulomb pseudopotential [39] µ * was taken as 0.115.
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IV. ELECTRONIC STRUCTURE
In Figures 2 and 3 we present the energy band dispersion and density of states (DOS) of lithium-covered graphene layer (C 6 Li) and lithium-intercalated graphene bilayer (C 6 LiC 6 ),
respectively. By inspection of the band-structure of C 6 LiC 6 , we notice that the interlayer band (derived from Li states) at the Fermi level is empty, as is the case in stage-1 Li-GIC, which is not a superconductor. In the case of C 6 LiC 6 , the c-direction confinement, imposed by the top and bottom graphene layers, keeps the interlayer band from being occupied. As Figure 3a reveals, the bottom of the Li-derived band is ∼ 1.75 eV above the Fermi energy. Based on these grounds, any further increase in the number of layers will not create new Li-derived states at the Fermi level.
In the case of Li-covered graphene, we see that the Fermi level is crossed by an s-band derived from Li states. The removal of the top graphene layer has the effect of bringing down the energy of the Li-derived band to the Fermi level; this suggests that there is a partial charge transfer from the Li atoms to the carbon sheet. The amount of charge transferred from each Li atom is calculated using Bader's quantum theory of "atoms in molecules" [40] , and the results are presented in Table I. The table reveals In Figure 2 (c) the partial density of states (PDOS) and the total DOS of C 6 Li are compared. The total density of states is the sum of the atomic densities of states and the density of states in the interstitial region. It is important to note that the Li-projected DOS comes predominantly from the s-band. The LAPW method projects the DOS onto the muffin-tin spheres, yielding the atomic densities of states; the rest of the total DOS is assigned to the interstitial region. Figure 2c shows that a substantial portion of the DOS results from the interstitial region. Since the interstitial space in this structure is mainly the space between the Li muffin-tin spheres, the contribution of the Li-derived s-band to the total DOS is comparable to that from the graphitic π bands. We now focus on Li-covered and Li-intercalated graphene systems with two and three lithium layers. As discussed before (Sec. II), we considered two stacking configurations when dealing with more than one lithium layer.
The first issue to address is to determine which stacking configuration yields a more stable structure. To study this, we carried out total energy calculations for the Li-covered and the Li-intercalated systems considered in this work. In all cases, we found that the lowest energy is obtained when the Li atoms of different layers sit directly above each other, so the Li layers are not shifted with respect to each other. In the case of Li-covered graphene layers, the structure C 6 Li αα is lower in energy than its counterpart C 6 Li αβ by 19.45 meV per unit cell, the energy of C 6 Li ααα is lower than C 6 Li αβγ by 41.95 meV per unit cell. In the case of Li-intercalated graphene layers, the structure C 6 Li αα C 6 is lower in energy than C 6 Li αβ C 6 by 20.42 meV per unit cell.
Although it is concluded that it is energetically favorable for the lithium atoms of different layers to sit in equivalent hollow sites (Li stacking ααα), there is some experimental evidence (Ref. [43] and references therein) that at low temperatures the lithium intercalant layers in stage-1 LiC 6 GIC are sequentially arranged as αβγ. For this reason we continue the comparative study of all structures regardless of their stacking configuration. Figure 4 shows the calculated band structure and DOS of C 6 Li αβ . In similarity to the the C 6 Li monolayer case, there is a lithium s-band as well as graphitic π-bands crossing the Fermi level simultaneously. We note that the s-band is derived from orbitals of the Li atoms lying in the outer Li layer. We also note that there is a substantial increase in the density of states at the Fermi level in comparison with the C 6 Li case. In the C 6 Li αβ unit cell, there are two inequivalent Li atoms and two inequivalent C atoms. The atomic densities of states shown in Fig. 4 are for the outer layer Li atoms and the C atoms in the adjacent layer.
We have also calculated the electronic structure of C 6 Li αβγ (plots of the energy bands and DOS for this structure are provided in the supplementary material). As expected from the previous case (C 6 Li αβ ), in addition to the graphitic π-bands, the Fermi level is crossed only by the band derived from the orbitals of the atoms of the outer lithium layer.
We note the existence of a substantial increase in the DOS at the Fermi level relative to C 6 Li, C 6 Li αα , and C 6 Li αβ . Analysis of the PDOS, projected on the carbon states and lithium states, reveal that the main contribution to the total DOS results mainly from the carbon muffin-tin and interstitial regions.
In the case of the Li-intercalated system denoted by C 6 Li α C 6 Li β C 6 , the interlayer bands are not occupied, and superconductivity is suppressed in this material, as we will demonstrate in Section V by the computating the electron-phonon coupling and estimating the superconducting transition temperature. The energy bands and DOS for this system are given in the supplementary material.
V. VIBRATIONAL MODES AND ELECTRON-PHONON COUPLING
In Section IV we found that only Li-covered graphene systems exhibit a coexistence of graphitic π-states and lithium-derived s-states at the Fermi level. We also noted that c-direction confinement produced by the graphene layers push the bands derived from inner lithium atoms to energies well above the Fermi level. This means that only one Li-derived band crosses the Fermi level regardless of the number of Li-covered graphene layers. In addition, the total density of states at the Fermi energy in Li-covered graphene systems increases as the number of lithium layers increase, a fact that could be relevant for the enhancement of the electron-phonon coupling strength. However, when the number of Li layers is large, the Li-covered graphene system, with equal number of Li and graphene layers, begins to look like stage-1 Li GIC, which is not a superconductor. We conclude that there is an optimal number of Li layers which leads to the highest possible T C in these systems. To this end, we present in this section electron-phonon coupling calculations for various Li-covered graphene systems, as well as the Li-intercalated graphene bilayer.
The phonon dispersion curves for Li-covered and Li-intercalated graphene systems can be divided into three regions: a high energy region (ω qν > 830 cm In Figure 5 we present the phonon dispersion curves and the phonon density of states (PHDOS) in the Li-covered graphene systems C 6 Li and C 6 Li αβ , and the Li-intercalated graphene bilayer C 6 LiC 6 . In the case of C 6 LiC 6 , the lowest energy branch is hardened compared C 6 Li. Going from C 6 Li to C 6 Li αβ , the lowest energy branch (corresponding to Li xy -vibrations) in the ΓK direction is softened, while branches immediately above (corresponding to Li z ) are hardened. We also note that the lowest energy branch in C 6 Li αβγ (shown in the supplementary material) is slightly hardened relative to C 6 Li αβ ;
this may explain the fact that the electron-phonon coupling is stronger in C 6 Li αβ than in C 6 Li αβγ , as we will see shortly. As a final note, we do not observe any significant effect on the high energy branches due to the increasing number of Li layers in Li-covered graphene systems.
The Eliashberg function α 2 F (ω), plotted in Figure 6 , gives the contribution of each frequency to the total electron-phonon coupling constant λ (see Sec. III). In all cases we observe a considerable contribution to the total electron-phonon coupling from the carbon- carbon stretching modes, which are high in energy (ω qν > 1000 cm −1 ). More importantly, a substantial contribution to the electron-phonon coupling from the Li modes and C outof-plane vibrational modes is observed in all the Li-covered graphene systems. However, in the case of C 6 Li αβ this contribution is significantly larger than that in C 6 Li, C 6 Li αα , and C 6 Li αβγ (the last two are shown in the supplementary material). For completeness' sake, we also show the Eliashberg function for C 6 LiC 6 where we notice a weak coupling of electrons to the Li modes and C out-of-plane modes. This weak contribution in the Li-intercalated graphene bilayer is detrimental to the overall electron-phonon coupling parameter λ, which was calculated to be 0.29.
The calculated total electron-phonon coupling parameter λ for C 6 Li is 0.55 with an estimated T c of 6.67 K. In the case of C 6 Li αα we calculated λ =0.65 and T c =10.88K, for C 6 Li αβ we obtained λ =0.86 and T c =13.54 K, and for C 6 Li αβγ we found that λ is 0.57 and the estimated T c is 8.41 K. The results of the electron-phonon coupling calculations are summarized in Table II . 
VI. CONCLUSIONS
In this work, we presented the results of calculations of the electronic structure and electron-phonon interaction for several configurations of graphene-lithium systems. We 13 assessed the structural stability and the strength of the electron-phonon coupling with respect to the stacking sequence and number of layers of lithium adatoms and the graphene sheets. We found that in all studied cases, the structures were stable, but the ones that yield the lowest energy were those where the Li adatom would sit in equivalent hollow sites; that is, with Li stacking of the form αα, ααα, and αααα. Structural stability of the systems was later confirmed with the calculation of the phonon dispersion curves, which do not show the presence of any imaginary frequencies. We found that, in contrast to the corresponding GICs, Li-covered graphene systems exhibit an incomplete charge transfer from the lithium atoms to the graphene planes, giving rise to a lithium-derived band which crosses the Fermi level simultaneously with graphitic π-bands. This enhances the electronphonon coupling strength, which was found to be highest for the structure C 6 Li αβ . The calculated λ for this structure was found to be 0.86 with an average logarithmic frequency ω log = 194.3 cm −1 and a critical superconducting transition temperature T c = 13.54 K.
The optimal value of T C is thus obtained for a system consisting of two graphene layers and two lithium layers. 
